After landing on the stigma, the pollen grain germinates and elongates a tube to deliver its generative nuclei to the egg cell of the ovule. The molecular mechanisms involved in the drastic morphological changes in the pollen grain during this fertilization process remain largely unknown. In this study, the expression of 732 randomly selected genes in petunia pollen and pollen tubes was analyzed by microarray and quantitative PCR analyses. We found no evidence for upregulation of any of these genes in the pollen tube. Our findings provide support at the gene level for the longstanding hypothesis that pollen germination and tube growth are not dependent on new RNA synthesis and that the large number of RNAs required for germination and tube growth are stored in mature pollen grains.
INTRODUCTION
Pollen grains and their pollen tubes function to deliver generative nuclei to egg cells for fertilization. After landing on the stigma, the pollen grain takes up water and then germinates. The pollen produces a pollen tube that penetrates the stigma and rapidly grows through the transmitting tissues of the styles. In petunia, pollen germination occurs within 30 min of pollination, and the pollen tube grows at a rate of 520 μm/h (Herrero and Dickinson, 1980) . Even in in vitro liquid culture, petunia pollen tubes can grow at a rate of 175 μm/h (Broothaerts et al., 1991) . To achieve such a rapid growth, the pollen tube requires a high level of synthesis of the components necessary for the construction of the cytoskeleton, membranes, and cell wall polysaccharides. In addition, during rapid growth, other dynamic cellular events such as calcium oscillation, vesicle transport, and ion fluxes also occur (Cheung and Wu, 2008; Zonia, 2010) . However, although many of the processes involved in pollen tube formation and growth have been described, the genes involved in these events are largely unknown.
Intuitively, one might expect that the extensive morphological changes in the pollen tubes during growth would be accompanied by comparable changes in the genes expressed in the pollen compared to pollen tubes. However, in vitro pollen tube growth experiments using transcriptional inhibitors such as actinomycin D or protein synthesis inhibitors such as cycloheximide suggest that in several species including petunia, pollen germination and tube growth are largely independent of transcription but are absolutely dependent on translation (Kamboj et al., 1984; Linskens et al., 1971; Mascarenhas, 1975; Mascarenhas and Mermeistein, 1981) . This implies that the RNAs required for germination and tube growth are 'stored' in the pollen grain at the time of its release from the anther. The presence of such stored RNAs was first reported in seeds many decades ago (reviewed in Holdsworth et al., 2008) . This longstanding hypothesis on stored RNAs in pollen has not been verified in any plant species in which pollen tube germination is unaffected by actinomycin D. To date, direct comparisons of gene expression in pollen and pollen tubes have not been performed. The development of microarray technology offers a possible means of conducting such comparisons as this method can be used with relatively small amounts of material (Endo et al., 2002 (Endo et al., , 2004 Hobo et al., 2008; Suwabe et al., 2008 Petunia is a solanaceous species in which pollen germination and tube growth are not inhibited by actinomycin D but are blocked by cycloheximide. We therefore selected petunia as a suitable species for analysis of gene expression in pollen and pollen tubes in this study. Previously, we found that the genes related calcium-related signaling and degradation of cell wall polysaccharides existed frequently in the pollen and pollen tube libraries (Shimamura et al., 2007) . In addition, we showed that the ratios of functional categories of transcripts were similar in petunia pollen and pollen tubes, therefore a meaningful part of the transcriptomes of the pollen and pollen tube is likely to be mutually shared (Shimamura et al., 2007) . Here, we analyzed the expression level of 732 genes in petunia pollen and in vitro germinated pollen tubes using microarray technology and quantitative realtime PCR.
MATERIALS AND METHODS

Plant materials
Petunia axillaris (subsp. axillaris, accession U1-11-14-56) plants homozygous for the S 13 -RNase gene (Tsukamoto et al., 2003) were grown in a greenhouse, and anthers were collected from flower buds at stage 4 of development. Pollen grains were separated from the dehisced anther using a steel sieve (180 μm). Dried pollen was used immediately or kept at -70°C. Pollen tubes were germinated in culture medium at 25°C as previously described (Akita et al., 2002) . Pollen tubes were collected at 7 h after germination and as many ungerminated pollen grains as possible were removed using a steel sieve (180 μm).
Total RNA preparation and amplified RNA sample labeling Total RNAs were prepared from pollen and pollen tubes by the SDS-phenol extraction method in combination with centrifugation in a cesium chloride solution (Ishimizu et al., 1998) . The two total RNA samples were analyzed to ensure they were of suitable quality using an Agilent Bioanalyzer 2100 system. Since the samples showed distinctive peaks of 25S and 18S rRNA in an electropherogram output, 1 μg of each total RNA was reverse-transcribed with T7-oligo dT primer to synthesize single-stranded cDNA (ss-cDNA). Subsequently, doublestranded cDNA was synthesized from the ss-cDNA and in vitro transcribed with amino-allyl UTP to generate amino-allyl labeled amplified RNA (aRNA) target samples. The aRNA samples were purified and coupled with the amine reactive fluorescent dye, Cy5. The Cy5-coupled aRNA samples were then spin column-purified (RNeasy Mini Kit) for hybridization on a customized petunia cDNA microarray. All of the processes from reversetranscription of the total RNA to Cy5-aRNA synthesis were carried out using an Amino Allyl MessageAmp aRNA kit (Ambion Inc, Austin, TX).
cDNA microarray and gene expression analysis A total of 732 cDNA singletons were randomly cloned from petunia pollen and pollen tube cDNA libraries (DDBJ/ EMBL/GenBank accession no. DC242943 to DC244638) (Shimamura et al., 2007) . The gene ontology data of these cloned are shown in Supplementary Table S1 . The cDNA inserts were PCR amplified using an M13 universal primer set. PCR products were purified using Montage PCR filter units (Millipore, USA). The cDNA microarray used for this study was fabricated by Ecogenomics, Inc. (Fukuoka, Japan) and contained 2,196 petunia pollen (tube)-expressed cDNA probes/microarray (732 probes × 3 spots). The cDNA probes were purified and spotted three times on the APS (amino propyl silane)-coated microarray slides (Matsunami Glass, Osaka, Japan) in 50% DMSO. The probe-spotted microarrays were subjected to 150 mJ/cm 2 UV cross-linking and 80°C baking processes for probe immobilization. They were then treated with succinic anhydride (6.6 g)/1-methyl-2-pyrrolidone (400 ml) blocking reagent at 42°C for 20 min, given three pre-hybridization washes (one wash in 1×SSC/0.2% SDS for 2 min, two washes in 0.1×SSC/0.2% SDS for 2 min each) and rinsed once in ultra-pure water for 10 sec. Each of the labeled target samples was hybridized on three cDNA microarrays (hybridization experiment in triplicate), and thus a total of 6 microarrays (three microarrays per Cy5-aRNA sample) was used in this experiment. Hybridization of the labeled target samples and the gene probes on the microarray was carried out for 16 h at 42°C in 45 μL of 50% formamide hybridization solution (Wako, Osaka, Japan)/5×SSC (SIGMA, St. Louis, MO)/0.5% SDS (Ambion Inc, Austin, TX) in a moisture chamber. The microarrays were then washed twice in 1×SSC/0.2% SDS at 42°C for 5 min and 15 min, followed by two washes in 0.1×SSC/0.2% SDS at ambient temperature for 5 min each, and, finally, two washes in 0.1×SSC at ambient temperature for 2 min each. The microarray slides were scanned with a GenePix 4000B scanner (Molecular Devices, Sunnyvale, CA) at 10 μm resolution.
Statistical analysis
The raw microarray expression signal data collected by the GenePix 4000B scanner were normalized against the median expression signal of each microarray independently. The normalized data were analyzed using a t-test with a significance level of p < 0.05 to obtain the differential gene expression ratio (also called "fold difference") for each of the gene probes on the microarray.
Quantitative real time-PCR First strand cDNA was synthesized from total RNA using Oligo dT23 and ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan 
RESULTS AND DISCUSSION
Examples of the petunia pollen and pollen tubes used in this study are illustrated in Fig. 1 . Samples of pollen tubes separated from ungerminated pollen using a steel sieve showed little contamination with pollen grains (Fig.  1B) . We previously cloned 732 randomly selected genes from petunia pollen and pollen tube cDNA libraries (Shimamura et al., 2007) . The expression levels of these 732 genes in pollen and pollen tubes was first investigated here by a scatter-plot analysis (Fig. 2) . Judging from the intensity of expression signal of each gene, almost all the genes examined in this study are abundantly expressed in the pollen and pollen tubes. Few genes exceeded the limit of a 2-fold difference between the pollen and pollen tubes, despite the drastic morphological changes that have occurred in the latter. The profile shows that none of the genes was up-regulated more than 2-fold in pollen tube. Thirteen genes were found to show a 2-fold lower level of expression in pollen tubes in all three replicates (Table 1 ). It was difficult to identify any common feature among these 13 genes.
To validate the gene expression profiles produced by the microarray, qRT-PCR was performed on selected genes. Comparison of gene expression ratios from the microarray analysis of pollen and pollen tubes with the corresponding values determined by qRT-PCR showed high correlations (r = 0.88) between the two independent methods (Table 2) .
Pollen germination in Arabidopsis thaliana is partially inhibited by a low concentration (1 μg/mL) of actinomycin D unlike species such as petunia (Honys and Twell, 2004; Wang et al., 2008) . A transcriptome analysis of in vitro germinated pollen and pollen tubes in A. thaliana showed that around 15% of the genes expressed in pollen tubes were specific to the germination stage (Wang et al., 2008) . This finding may explain the sensitivity of pollen germination and tube growth in A. thaliana to actinomycin D compared to other plant species such as petunia (Wang et al., 2008; Linskens et al., 1971) . Our results here cannot exclude the possibility of expression of specific genes in petunia pollen tubes as the number of genes analyzed was not sufficient to reach such a conclusion. In A. thaliana, up-regulated genes in pollen tubes were detected using semi-in vivo germinated pollen tubes (Qin et al., 2009) . Similar experiment in petunia should determine whether any genes are specifically expressed in pollen tubes in this species. In A. thaliana, signalingrelated genes and transporter genes were dominantly transcribed and/or up-regulated during pollen tube growth (Wang et al., 2008) . The genes in these two categories contain in 732 clones of petunia pollen and pollen tube at a higher rate than the clones of petunia flower (Shimamura et al., 2007) . This also supports that the necessary genes for pollen tube growth are expressed in mature pollen of petunia in advance.
The data produced in this study show that up-regulated genes during the germination and elongation of pollen tubes in petunia are not detected. In conclusion, this study is consistent with the longstanding hypothesis that abundant new RNA synthesis does not occur during pollen tube growth and that the RNAs required for these processes are present in the mature pollen grain (Mascarenhas, 1975) . This study provides the first supporting evidence for this hypothesis at the individual gene expression level. 
